Structural safety of colonial stone masonry buildings is severely jeopardized in most parts of Mexico by earthquakes and by ground subsidence. The situation is particularly severe in Mexico City where subsidence has been aggravated by excessive extraction of underground water. Despite of frequent rehabilitations, cumulative damage caused by differential settlements through the centuries has led many of these structures to a critical condition. This article provides a general description of the causes of differential settlements and their effects, reviews the new techniques developed and validated in Mexico City for correcting historic trends of differential settlements, and comments on the methods for improving structural behavior. Recent rehabilitations performed in two buildings are briefly described, emphasizing the criteria and techniques adopted and the underlying studies and analyses. The complexity of the actions to be taken and the basis of the supporting studies are outlined, with the conclusion that adequate performance of these buildings in the long term can only be achieved if the rate of regional settlement is significantly reduced by diminishing extraction of underground water.
INTRODUCTION

Hazards and Vulnerabilities of Historic Colonial Buildings
Mexico possesses a large wealth of extremely valuable religious and civil constructions built from the sixteenth to the eighteenth century. Severe earthquakes, frequently affecting most of the regions where these buildings are located, have been the most common cause of damage for these stone masonry constructions. The most recent experience in this regard was from the June 1999 Tehuaca´n earthquake (magnitude [M] 7.0), that damaged about 1,850 historic buildings, most of them being colonial temples and convents of the central states of Puebla and Oaxaca (Singh et al., 1999) . In contrast, colonial buildings of this same time frame in Mexico City have shown a relatively good performance after the many earthquakes that have shaken the city during their existence. Specifically, in the great 1985 Mexico earthquake (M ¼ 8.1), these buildings performed much better than most modern structures that were supposed to be more resistant. Distortions and out-of-plumb alignment caused by differential settlements resulting from ground subsidence, materials degraded by environmental effects, and man-made alterations have been the most significant causes of destruction of colonial buildings in Mexico City and are also becoming a severe problem in other parts of the country.
The basic construction material of these historic buildings is a masonry conglomerate of stones of different sizes, agglutinated by lime-sand mortar. Light-weight stones were preferred because of ease of transportation and carving; specifically in Mexico City, a very light porous volcanic stone was generally used since the end of sixteenth century to reduce the weight of the building and the pressure it exerts on the soil. This heterogeneous masonry constitutes a kind of low-strength concrete composition of which varies according to the structural element. This masonry is lighter than normal stone masonry and has a greater tensile strength than brick masonry, primarily because of the absence of weak planes constituted by the mortar layers (Figure 1 ). Foundations and walls are made by this kind of stone masonry. Vaults, domes, and arches were initially also built with this masonry, but later were most commonly made with clay bricks or ashlars. Stone ashlars were rarely used for structural elements, and mainly used for columns, arches, and lintels. Adobe was widely used in early colonial buildings, which were in most cases soon destroyed by earthquakes and floods and replaced by stone masonry construction.
Moderate seismic vulnerability of this kind of building in Mexico City derives from the peculiar nature of ground shaking generated by earthquakes in the very soft soil of downtown area built on the bed of an old lake; the vibration is almost harmonic, with a very low frequency. In modern, tall, flexible buildings for which the fundamental frequencies of vibration are also low, this kind of ground motion is greatly amplified and seismic effects are very severe. In contrast, massive, stiff, colonial buildings, which have quite large vibration frequencies and high internal damping, tend to vibrate with same amplitudes as the ground; in this regard, they R. MELI AND R. SÁ NCHEZ-RAMI´REZ can be thought as floating over the soft clay of the old lakebed. Figure 2 shows records of vibration measured at the foundation and roof of the Mexico Cathedral during a moderate earthquake. As can be appreciated, cycles of vibration at roof level are almost identical to those at the ground, and the increase in maximum acceleration is only approximately 20%; moreover, cycles of vibration at both levels are very similar and are governed by natural frequency of vibration of the soil layers (approximately 0.4 cycles per second); smaller cycles for the natural vibration frequency of the structure (2.5 cycles per second) are superimposed with very low amplitudes in the record at roof level (Meli at al., 2001) . Most cases of earthquake damage of this kind of building in Mexico City are related to buildings already severely affected by differential settlements or are limited to local damage in particularly flexible parts, such as bell towers or appendices. The most severe hazard to stability of these constructions in Mexico City is the huge regional subsidence of the ground caused by consolidation of the very thick and soft clay layers that constituted the bed of ancient lakes covering most of the city area. A comprehensive description of the geotechnical problems in the city can be found in Santoyo et al. (2005) . Building settlements were a common problem for the original builders, leading to constant repairs or modifications, and frequently to total reconstruction. This situation has continued through today, despite development of ingenious foundation solutions, as thick foundation mats over short, small-diameter wooden piles that were common in large important buildings since preHispanic ages.
Causes of Differential Settlements and Their Effects on Historic Buildings
Differential settlements of ancient buildings in Mexico City have different causes whose significance must be carefully identified in each case to make correct decisions about remedial measures. The initial cause of settlement was the great weight of the building inducing high pressures on the very deformable clay soil. Heavy buildings of moderate in-plane dimensions, which are rather stiff to in-plane bending, experience an almost uniform settlement; many of these buildings have sank up to several meters under the ground level, with great problems to the building operation but little structural harm. Buildings distributed over large areas do not possess enough in-plane stiffness to generate a uniform pressure on the soil; therefore, they tend to show the typical concave configuration of settlements. In many cases, building weight is not uniformly distributed over the area, but is concentrated in its periphery, as in temples that have large nave span or in palaces and convents with large courtyards. In these cases, pressures on the soil are smaller in the central part of the land plot than in its periphery, thus generating a convex pattern of settlements that is particularly harmful to the building structure because it produces an outwards rotation of the supporting walls, which adds to that of the thrust of vaulted roofs. Previously described basic patterns of differential settlements are commonly altered from heterogeneities in soil deformability, mainly derived by differences in degree of preconsolidation of the clay under different parts of the building. This situation is very common because the most important colonial buildings were constructed in land plots previously occupied by heavy Aztec structures that were demolished and whose foundation, and parts of the construction itself, were left under the new construction. Weight of these previous buildings and of their remains has consolidated the clay, creating ''hard zones'' for which the rate of settlement is smaller than for the rest of the lot.
Since the middle of the twentieth century, a different factor has been the major cause of differential settlements. Accelerated population growth has generated an increased need for potable water; consequently, an intense extraction of underground water has produced a further consolidation of the clay layers because of the migration of the water content in these layers to deeper permeable layers. A view of the severity of this problem is given by the following figures: ground level in downtown area has descended approximately 8 m, from beginning of twentieth century to today, and ground subsidence rate in this area is still on the average 85 mm/year ( Figure 3 ). The amount of ground subsidence generated by water extraction is far from being uniform in all downtown area, mainly because of already mentioned differences in degree of consolidation of clay layers, which has created hard zones with much smaller settlement rates. For this reason, areas that were originally flat now show increasing irregular slopes and buildings located over them show leaning and distortions ( Figure 4 ). Building settlements are now caused much less frequently by pressure on the soil from the building weight and more frequently by differences in soil R. MELI AND R. SÁ NCHEZ-RAMI´REZ consolidation because of the history of loads generated by the different buildings previously existing on each area. In the past three decades another factor affecting pattern of differential settlements of some colonial buildings has been construction in nearby land plots of modern tall buildings founded on point-bearing piles resting on deep, stiff, soil layers. Such buildings do not follow the regional subsidence of the ground and show an apparent emersion; nevertheless, soil surrounding their foundation hangs from the piles because of ''negative friction'' and forms a mound around the building with a continuously increasing slope. This slope is transferred to adjacent buildings founded on shallow layers of soil, causing additional differential settlements.
Differential settlements along the building plane, caused by the sum of aforementioned factors can reach 2 or more m ( Figure 5 ). Despite of frequent restorations, almost all ancient buildings show extensive cracking and out-of-plumb alignment in their structural members, significantly impairing their safety. In terms of decisions about structural safety of the buildings, it is important to ascertain not only the present shape of differential settlement but also its future evolution, mainly in terms of which of the contributing factors will prevail.
Conservation Strategies Through History
In general terms, interest in conservation of historic buildings has been remarkable in Mexico, not only in the capital or other large cities, but also in remote villages where local population has continuously promoted and participated in restorations of religious buildings. Evolution of construction techniques was very slow in the past; therefore, all restorations were performed with materials and techniques very similar to those of the original construction. In most cases, remedial measures were aimed at restituting original structural capacity, by sealing cracks with mortar, and by local reconstruction of badly damaged areas. In cases of severe damages, the most common solution was reconstruction of entire parts of the buildings, and, in extreme cases, strengthening members, such as buttresses or iron tie rods or plates, were added. Elimination or modifications of building parts that were particularly vulnerable was not uncommon; for example, a rather frequent modification was the reduction in height or complete elimination of bell towers in areas of high seismic hazard. Despite of these efforts, a significant number of these buildings reached a severe level of distress leading to their demolition and to reconstruction with new styles according to the age. This continuous conservation activity has, nevertheless, allowed many thousands of these building around the country to endure until present time.
Since the beginning of twentieth century, availability of stronger industrialized materials led to an increasing application of drastic and invasive strengthening procedures, by insertion of robust concrete or steel structural members, aiming at overcoming inherent weaknesses of original materials and structures. Results in terms of structural performance have been variable. Several cases of inadequate seismic behavior have been found, mainly as a result of the lack of compatibility among old and new materials, derived from drastic differences in stiffness among strengthened and R. MELI AND R. SÁ NCHEZ-RAMI´REZ original parts of the structure; nevertheless, it must be said that in Mexico City, building vulnerability to differential settlements was significantly reduced in many cases by this kind of drastic intervention in the foundation and in the structure.
In the past couple of decades, a much more cautious approach has been followed for structural conservation of damaged or vulnerable historic buildings, aiming at minimizing alterations to the original structure, but also at applying modern technologies for safety evaluation and for monitoring structural behavior and effects of rehabilitation measures. Criteria and techniques used for that purpose will be outlined in following sections of this article, in addition to two examples of their application to recent structural rehabilitation of important historic buildings. The paradigmatic case in this regard has been the project for structural rehabilitation of the Mexico City Cathedral, whose remedial measures were based on detailed studies of subsoil, materials, and structural performance, including in situ measurements, monitoring, experimental validation of strengthening techniques, and theoretical analyses (Meli and Sa´nchez-Ramı´rez, 1997) . Moreover, rehabilitation measures were applied progressively, and their effects were carefully determined before proceeding to the next step. In this process, new techniques for correcting historic trends of differential settlements and for improving structural behavior were developed and validated ).
EVALUATION OF STRUCTURAL SAFETY
Evolution of Criteria for Safety Evaluation and Design
In the past and often in present times, the safety evaluation of stone masonry structures, as well as the design of their rehabilitations, was based on qualitative judgments about sources of weakness and possible benefits of different remedial measures. When quantitative assessments of seismic response were attempted, they were commonly carried out by studying the flow of forces along the main structural members, using graphic, static procedures based on complying with equilibrium and providing that force resultant in each member section always remains within the central third of its depth to avoid flexural cracking. Seismic effects were represented through equivalent lateral loads applied at different building heights, corresponding to base shear forces equal to the building weight above the considered level, affected by an appropriate seismic coefficient, according to the dynamic properties of the structure.
Recently, it has become usual practice to perform linear elastic finite element model analyses of the entire structure for studying its response under static and dynamic loads. Frequently, results of these analyses are directly used for safety evaluation or design, without proper consideration of differences caused by anisotropy of the material and nonlinearity of the structural response, mainly caused by flexural cracking since early stages of loading. Nonlinear analyses have seldom been used in practice, primarily because of lack of knowledge about mechanical properties defining constitutive laws that adequately represent nonlinear behavior of materials.
Main Characteristics of Structural Vulnerability of Typical Building
Evaluation of the structural performance of buildings submitted to severe loading conditions is the most valuable source of knowledge regarding their weaknesses REHABILITATION OF STONE MASONRY IN MEXICO 9 and the ways they respond to extreme conditions. Traces of their past performance can be retrieved by careful examination of its main elements or can be found in historic documents. A systematic study of the damage patterns of typical colonial buildings submitted to intense earthquake motions and/or to severe differential settlements has been performed in the past two decades at the Institute of Engineering at the National University of Mexico (UNAM); the main conclusions are summarized as follows.
Undulations derived from different rates of settlements along building length generate bending and distortion of walls and consequently cause tensile stresses tending to produce vertical or diagonal cracking. Stone masonry walls have been found to possess a surprisingly high capacity to absorb large in-plane distortions when these shifts evolve very slowly, as is the case for effects of differential settlements caused by consolidation of clay layers. Deformations are concentrated in mortar joints that can sustain significant strains and, when cracked, can be easily repaired ( Figure 6 ). Flexural cracking is commonly concentrated in a few large cracks tending to produce a separation of the building in almost independent parts (Figure 7) .
Out-plane bending of walls is very frequent because most of a building's weight is concentrated in peripheral walls, thus tending to produce a convex shape of differential settlements. Outward inclinations and overturning of walls supporting vaults and arches, are critical because those shifts generated by differential settlements add to those shifts caused by thrust produced by the weight of the roof. Inclinations up to 2% or 3% have been found in several cases. The possibility of overturning of large parts of walls, facades, and bell towers is certainly the most critical hazard in this kind of structure. Small tensile strength of masonry favors separation of external walls from the main body of the building, progressively turning them into freestanding walls.
The condition of arches, vaults, and domes is a result of the same pattern of convex ground settlement causing the outward rotation of the supporting walls and opening of vaulted structures. Arched elements can withstand large openings before becoming unstable because of formation of a failure mechanism (Figure 8); cracking lines constitute hinges possessing large rotation capacity because the level of the axial Figure 6 . Distortion of stone masonry walls without visible cracking (Old School of Mines).
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R. MELI AND R. SÁ NCHEZ-RAMI´REZ compressive load is sufficiently large to maintain the integrity of the elements but is low enough to avoid the possibility of early crushing. This situation allows detecting progressive loss of form and taking corrective measures before the roof reaches an unstable geometry.
There is a great similarity among patterns of damage and mechanisms of collapse caused by seismic forces and by differential settlements. This fact gives rise to a cumulative effect of both hazards and implies that buildings affected by significant differential settlements become very vulnerable to earthquake actions. Masonry deformation capacity under dynamic loads, such as those induced by earthquakes, is much smaller than that for slowly increasing effects, such as those generated by subsidence resulting from clay consolidation; moreover, for dynamic loads cracks appear from smaller 
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distortions. Additionally, an alternating direction of deformations produced by earthquake vibration favors a more complex pattern of damage and the separation of the structure into parts that can be analyzed independently to study their vulnerability and safety conditions.
Monitoring Differential Settlement for Assessment of Structural Safety
As previously mentioned, for a proper diagnostic study of the structural safety of a building, it is important to correlate its present state of distress to the history of its differential settlements as well as to estimate future effects of the evolution of these settlements by evaluating the contribution of three possible causes: 1) building weight, 2) regional subsidence, and 3) interaction with nearby constructions. To achieve this knowledge, an in-depth survey of the construction accompanied by a careful study of historic documents is necessary for detecting, for example, differences in levels and inclinations of parts of the building of different ages or differences in paths of cracking repaired in different times. For evaluation of future evolution, main factors affecting structural behavior must be monitored over a time span that is not necessarily very long. In downtown Mexico City, differential settlements increase at rates that are frequently a dozen of mm/year; therefore, their basic pattern of growth rate can be clearly established by differences in a 1-year term; nevertheless, measurements over greater time spans are needed to detect variation caused by changing local conditions. Monitoring should provide a detailed mapping of growth rate of differential settlements as well as out-ofplumb alignment of main structural members and crack widths and lengths.
The most complete case of monitoring and follow-up of a historic building in Mexico City has been related to the already mentioned rehabilitation project of its Cathedral (Meli and Sa´nchez-Ramı´rez, 1997; Santoyo and Ovando-Shelley, 2001) . From experiences obtained in this project, authors of this article have designed and are carrying out a monitoring program for the conservation of 10 very important colonial buildings that originally housed several schools as well as a library and museums of the UNAM. Construction history, emphasizing the structural damage suffered and the strengthening interventions, is being recovered in addition to the evolution of differential settlements and out-of-plumb alignment of main structural elements; a program for monitoring the structural behavior of each building has been established; and a file containing all relevant information related to structural safety is being integrated for each building. UNAM has established a trust fund for conservation of these buildings, from which monitoring activities, specific studies, and simple interventions are paid. Major rehabilitation measures are decided from a priority list based on the diagnosis of structural safety of each building; for these cases, resources of the UNAM special fund are complemented by donations by alumni and corporations.
TECHNIQUES FOR IMPROVING STRUCTURAL SAFETY
Recent Developments for Reduction of Differential Settlements of Buildings
Once the pattern of differential settlements and its foreseeable future evolution have been identified, actions can be taken in the soil, foundation, and structure to reduce amount of differential settlements or at least their future growth rate.
For reducing the growth rate of differential settlements in existing modern and ancient buildings, friction piles placed in areas of highest rate of settlements had been the most common solution until recently. Point-bearing piles had not been widely used because of the great depth of firm layers and the large concentrations of forces they induce in foundation and structure. Some techniques recently developed and successfully applied will be briefly described.
Micropiles cast in perforations through the original masonry foundation have shown advantages over friction piles of typical dimensions because of a more simple construction procedure and more effective connection to existing structure. Mortar inclusions in most deformable parts of the soil layers have been successful in reducing differential settlements. One version includes a central micropile with radial fins, as shown in Figure 9 . A mesh of vertical thin mortar plates is formed in the soil, thus increasing its stiffness and reducing its rate of settlement.
Several techniques have been developed to correct existing differential settlements and to upright inclined buildings. The most widely used technique has been ''underexcavation,'' consisting of extracting soil below the parts of the structure with lowest rates of settlements to produce predetermined and controlled settlements that correct, at least partially, previous differences with the rest of the building. Another technique that has given good results in some cases is based on pumping out water from underneath clay layers, in areas of smaller settlement rates, and injecting it in other areas with greater rates. In contrast, to eliminate negative effects of tall nearby buildings founded on deep stiff layers, an ''isolating screen'' has been built around the perimeter of the affected building, by drilling rows of close thin perforations that produce a continuous crack in the soil, that it is then injected with a non-setting Figure 9 . Mortar inclusions for reducing soil compressibility (adapted from Santoyo et al., 2005) .
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polymeric solution -such a screen breaks the effect of the negative friction and allows a more uniform settlement of the building. An alternative approach for reducing differential settlements is by stiffening existing foundations, generally constituted by continuous footings that are actually enlargements of the walls they are supporting. The most common solution to stiffen the foundation is by forming a grillage of continuous reinforced concrete beams with enough flexural and torsional stiffness to limit differential settlements as well as rotations of walls or columns, especially at the periphery of the building. The most efficient procedure for that purpose is by casting accompanying deep concrete beams at both sides of the footing, connected by shear keys, and preferably connected by crossing beams; a particularly cumbersome task in this case is to provide continuity at the crossing of the footings. Post-tensioned cables along both sides of each footing constitute a much simpler yet effective way of providing continuity, but the long-term performance of this strategy is highly dependant on careful maintenance. Effectiveness of this kind of measure decreases as the size of the building increases; therefore, in several cases it has been preferred to separate the building in independent bodies, by cutting both the foundation and the structure with construction joints. Difficulties have been often encountered in achieving a true separation in all elements throughout the structure.
It must be taken into account that any work on foundation and on its underlying soil will produce additional settlements of the building because of the modifications involved in the state of stress or in the properties of the soil. Therefore, it is convenient, but not always possible, to wait some time after the completion of foundation work before starting with strengthening or repair work on the structure.
Techniques for Improving Structural Capacity
The most frequent and important structural problems to be solved in rehabilitation of buildings affected by subsidence or by earthquakes are those related to avoiding overturning or excessive inclination of walls and columns and, consequently, collapse of roofs and floors they are supporting. The most common solution in the past few decades has been by placing reinforced concrete ring beams at the top of walls, the purpose of which is to distribute load concentrations and to connect and to provide some confinement for the whole set of load-bearing walls. In intermediate floors a similar function has been assigned to beams surrounding concrete slabs constituting horizontal diaphragms. Frequently, connection between concrete beams and masonry walls has not been properly solved, thus impairing the efficiency of the solution; moreover, no proper care has been taken regarding the durability of the concrete work; therefore signs of degradation are appearing a few decades after rehabilitation.
External tie bars anchored to walls are more widely accepted by conservationists than ring beams and are becoming the most common measure to absorb lateral thrust. Common steel bars are used for external ties, whereas stainless steel is generally used when bars are embedded in masonry. Welded wire meshes with a concrete mortar rendering over the masonry walls were rather common in recent past for strengthening and connecting masonry walls, but its use has been strongly objected and is now less frequent. The same could be said about arrays of steel anchors embedded in masonry. For pillars, grout injections and replacement of degraded mortars and stones have been the most common procedures, in addition to confinement by external steel rings or plates. (Figure 10 ). No application of new materials, as resins or high strength fibers, is known to have been performed in Mexico, except for a few cases of resin injections in fractured stones; early signs of resin degradation have been detected at least in one case.
RECENT REHABILITATION PROGRAMS IN MEXICO CITY
Rehabilitation of ancient buildings has been quite intense in recent years in historic center of Mexico City, sponsored by city authorities and by federal agencies, frequently with partial financial support from the private sector. The availability and relatively low cost of labor, skilled in masonry construction and stone carving, have favored these activities. As examples of the application of aforementioned rehabilitation criteria and procedures, one case for which rehabilitation is in progress will be briefly described in the following section, followed by another case recently completed.
Rehabilitation of the Old School of Medicine of the National University of Mexico
This huge palace of the Old School of Medicine of the National University of Mexico was built from 1736 to 1739 to house the ominous Tribunal of Inquisition, which was abolished in 1813. Some years later the building was given to the School of 
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Medicine, which was based there until 1954, when it was moved to the newly built University City. During this time the building suffered several modifications to fulfill the changing needs of medical education. In the 1960s, it underwent a major restoration to returning it near to its original shape and condition (Figure 11) . The building is located in a corner land plot that had a long history of previous constructions; including part of the palace of the last Aztec emperor and, in early colonial times, part of the convent of the Dominican friars was located there. Unevenly distributed loads from these previous constructions produced different levels of consolidation of the underlying soft clay deposits; moreover, remains of foundations of buildings from different ages were partially taken advantage of for the foundation of the present construction. This situation set the basis for a long history of significant differential settlements of the building.
The main entrance to the building is on the corner of its two long facades and leads to the main courtyard, surrounded by arcades supported by solid stone columns. Around another smaller courtyard, an eastern wing has been partially separated from the main building by construction joints as an attempt to deal with problems derived from differential settlements. Masonry of different kinds and qualities was used in the building: ashlars for columns and arcades, stone conglomerate for walls, frequently with rubble from previous constructions, and clay bricks for separation walls. Floors and roof were composed by clay tiles over closely spaced wooden beams.
As common, this building suffered effects of significant differential settlements, and required frequent restorations for safeguarding its integrity. In recent times, three major programs were undertaken. Examples of measures taken in the two last restorations, in 1967 and 1979, are substitution of original wooden floors by concrete slabs, strengthening of stone pillars by inserting steel or reinforced concrete cores, and addition of concrete or steel beams at the top of walls. 
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In 2004, significant increase in size of some cracks in arches, pillars, and walls, as well as in the out-of-plumb alignment in the arcades surrounding the main courtyard, was reported and motivated a thorough evaluation of the structural integrity of the building and subsequently a program for its structural rehabilitation. Main characteristics of this undergoing project will be summarized in following paragraphs. Geotechnical aspect are described in more detail in Ovando-Shelley et al. (2005) First, available information about evolution of differential settlements and outof-plumb alignment, the width and length of cracks, and other signs of damage and degrading, was collected. Based on this data, configurations of accumulated differential settlements in each floor and, more importantly, of their present growth rate were mapped and correlated to the observed cracking patterns. The future evolution of differential settlements and of out-of-plumb alignment was estimated, and the possible conditions of instability of structural members or parts of the building were postulated. As appreciated in Figure 12a , differential settlement between northwest and southeast corners of the main building has reached 1 m. The present configuration of settlements, shown in Figure 12b , is quite different from the historic configuration, being maximum at the southwest corner and minimum at the center of the building; the annual rate of differential settlement between these two points is now 10 mm/year.
Widespread vertical and diagonal cracking in walls due to in-plane distortions was caused by differential settlements. Additionally, slipping of beams over their supports, detachments of parts of the structure, and separation among adjacent walls were detected as a result of general distortion of the building. These types of damage could be clearly correlated to the measured pattern of differential settlements. Based on the severity of the observed damage and, most importantly, on its increase projected to a 20-year time span assuming that the growth rate of settlements will remain constant, a rehabilitation program was implemented. It must be noted that, during the execution of the work, additional damages and sources of weakness were detected and the number of measures, as well as their scope, were significantly increased. The most important actions taken are described here.
Aiming at reducing the rate of settlements in areas of their maximum growth, micropiles were inserted in the external walls of south and west facades and in eastern part of the northern neighboring wall. To reduce differential settlements in main courtyard, which had severely affected its arcades, a confining belt was provided in the foundation by placing two parallel, companion, reinforced concrete beams connected by concrete shear keys to the masonry footings of its columns (Figure 13) ; these beams were extended and connected to the foundation of main body of the building in each of its four sides. With the purpose of avoiding overturning of arcades, an additional belt was formed along the corridor of the first floor, whose existing concrete slab was given continuity and was connected to arches and walls of the main body of the building. At the roof level a continuous, deep collar beam was placed over the walls surrounding the courtyard. The southern arch of the eastern side was thoroughly rehabilitated, by substituting affected ashlars and by confining the damaged column with steel bands in its lower half, as shown in Figures 14 and 15 .
To restrain south facade against overturning, two transverse walls that had been demolished several years ago were rebuilt and properly connected to facade and to main body of the building through horizontal concrete beams at their top and mid height. Many other local repairing had to be executed, mainly consisting of mortar injections in major cracks, and removal of previous repairs that had been poorly executed. 
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R. MELI AND R. SÁ NCHEZ-RAMI´REZ Effects of works performed on foundation for reducing differential settlements can be appreciated in Figure 16 , where evolution of settlement of the four corners relatively to the center of the building is shown. After an initial sharp increase of differential settlements due to excavation work and to added weight of micropiles on the soil, rate of relative settlement in the four corners shows a significant reduction. 
Rehabilitation of the Former Temple of Corpus Christi
Built originally as a temple in 1720 by the same architect of the previously described Palace of Inquisition, the former Temple of Corpus Christi was later transformed into a museum (Figure 17 ). This construction originally had three naves, but in the early twentieth century its eastern lateral nave was partially demolished and later substituted by a four-story reinforced concrete building; only the front bay of this nave subsists nowadays.
The roof of the main nave is a stone masonry barrel vault, and the remaining lateral nave has a flat roof supported by timber beams as well as two intermediate timber floors added in the twentieth century. Lightweight volcanic stones and 
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R. MELI AND R. SÁ NCHEZ-RAMI´REZ sand-lime mortar constitutes the masonry of supporting walls, whereas a mixture of normal-and light-weight stones was used in the foundation. This building experienced large subsidence since the beginning of its construction and its ground floor had to be elevated twice in the first decades after its completion, for a total of more than 1 m. The building suffered initially a convex pattern of differential settlements, generated by heavy load transferred to the soil in the periphery of the building. About 1960, construction on the west side of the temple of a tall building founded on piles reaching the deep firm layers produced a slope giving rise to a concave pattern of settlements that caused diagonal cracking of the fac¸ade in opposite direction to that formerly existing but already repaired (Figure 18 ). Two tall buildings, seen in Figure 17 , on the back of the church, are under completion; they are also founded on deep stiff layers and will affect the level of their surrounding ground.
The building's widespread structural damage has three main sources: 1) lack of sufficient buttressing to withstand thrust imposed by the heavy central vault; 2) outward inclination of the facade and of longitudinal walls due to the convex pattern of differential settlements, and 3) general deterioration of the masonry due to poor quality of its mortar. Timber beams supporting floors and roof were also badly deteriorated because of poor waterproofing of the roofs. 
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As shown in Figure 19 , out-of-plumb alignment reaches 2% in the front wall, which tends to separate from the main body of the building, and both longitudinal facades also lean outward approximately 2%, causing an opening and a lack of 
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R. MELI AND R. SÁ NCHEZ-RAMI´REZ stability of the vault; these walls show horizontal cracks in their internal sides caused by the outward bending. A longitudinal crack at the key of the vault and along all its length is due to the opening of its supports; transverse cracks are produced by outward rotation of the facade. Signs of the many stages of repair, strengthening, and modification performed during the course of its life can be appreciated in the building as grouted cracks, concrete or steel members inserted into masonry and intended to connect separating parts of the structure, tie rods, and additional flying arches over the former lateral nave, intended to withstand the thrust of the central vault. Approximately 50 years ago, four robust transverse arched trusses were placed under the vault of the central nave to give it support; nevertheless, this measure does not seem to have been needed because main arches of the vault do not show significant loss of curvature.
The general features of the structural response were studied through a finite element model of the whole structure, with no account for its present deformations nor for its cracking and degradation ( Figure 20) . These factors were taken into account in simpler models of local conditions that were used for the design of the strengthening measures. This kind of linear elastic, isotropic model can only be used for a qualitative appraisal of stress distribution under different load conditions. Configurations of differential settlements assumedly suffered before and after construction of adjacent modern building, were applied to the model, and resulting distributions of tensile stresses reasonably corresponded to cracking patterns existing in the building (Figure 21 ). Effects of vertical loads superimposed to present pattern of differential settlements indicated a critical situation of stability for walls on the northern side, where the lateral nave was removed. Analyses of dynamic behavior confirmed that earthquake induced forces are rather low Figure 20 . FEM model of the temple, and state of stresses generated by its own weight.
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because of the great distance between fundamental period of the structure (0.27 s in transverse direction) and dominant period of the expected ground motion at the site (about 2 s).
To reduce the growth of differential settlements, three measures were taken: first, a deep reinforced concrete companion beam was cast on one side of existing stone masonry footings and connected to them by reinforced concrete shear keys at 1-m spacing, to form a continuous grillage providing stiffness against vertical displacements as well as restriction to out of plan rotation of the walls (Figure 22) . Secondly, rows of micropiles were driven in the west and north sides of the building and connected to the concrete foundation beams. Finally, an isolating screen was perforated to a 20-m depth in the soil around the building and filled with a polymeric solution, aiming allowing the church to settle independently from effects of the two nearby tall buildings founded on point-bearing piles.
A thorough consolidation of masonry work, from foundation to roof, was carried out to correct its advanced degradation; a very fluid lime grout with shrinkage reducing admixtures was injected for this purpose. Several openings made to walls for 
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R. MELI AND R. SÁ NCHEZ-RAMI´REZ doors or windows were closed with stone masonry and occasionally with brickwork, to restitute as far as possible original situation of the building. The most important decision to be taken regarding structural rehabilitation was about how to restore buttressing effect of demolished eastern nave of the original church. Consideration was given to the possibility of connecting the old church to the modern adjacent concrete building, which had to be provided with steel bracing to achieve required lateral stiffness and strength. Finally this solution was discarded because of a possible future demolition of the new building and its replacement with a structure more compatible with the original one. A series of tie rods was placed at the groins the vault to restrain their opening and reducing thrust on the longitudinal walls. Position of tie rods was selected looking at effectiveness in reducing lateral thrust and at avoiding interference with adjacent building (Figure 23 ). Over the top of first bay of the vault a reinforced concrete membrane was cast, aiming at restoring its integrity, affected by the outward rotation of the facade, and at anchoring a series of tie bars intended to restrict further rotation of the facade.
Aiming at achieving a better connection among main supporting walls, some horizontal diaphragms were formed. A steel horizontal truss was placed on the floor of the choir over its supporting vault. This steel structure was tied to the first bay of longitudinal walls and to the fac¸ade to restrict their overturning. The two existing intermediate floors of the remaining west lateral nave, which had been almost Figure 22 . Foundation strengthening.
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completely destroyed by a fire and by degrading, were replaced by a new lightweight floor composed by a steel deck supported by parallel steel beams. These same steel beams were used as ties for connecting the west fac¸ade to the main nave, with a proper anchorage at their both ends. The same lateral nave had been deprived of two strong transverse brick walls that greatly contributed to the lateral load capacity of the whole structure. These walls were restituted leaving only small door openings. Anchoring of the main fac¸ade to the nave and to the longitudinal walls to restrict outward overturning, was a particularly complicate operation (Figure 24 ). Tie rods were placed at the level of the floor of the choir and anchored to a horizontal steel truss placed below the choir's floor (Figure 25 ). Additional tie rods were placed following curvature of outer face of the main vault, as well as at the levels of the two intermediate floors of the lateral nave. Particular care was given to anchoring tie rods to the outer side of the facade, not to lose its many and valuable decorations. Small-diameter bars were used in addition to small anchor plates that could be hidden into the wall, in a procedure illustrated in Figure 26 . A part of the covering stone was carefully cut and grafted, then the whole depth of the masonry wall was perforated to install the tie bar with its anchoring plate, and finally the stone graft was placed again in its original position. 
26
CONCLUDING REMARKS
As can be appreciated this discussion, the preservation of the structural integrity and the safety of historic buildings submitted to such a high rate of differential settlements constitute a severe challenge that can only be met by complicated and expensive actions in soil, foundation, and structure. Nevertheless, because the amount of water extraction is unlikely to diminish in the near future, general subsidence of 
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ground in downtown area of Mexico City will continue approximately at same rate as today and no solution can be considered as definitive. However through a careful choice of measures that reduce differential settlements and vulnerability of the structure to them, the time until a new rehabilitation will be needed can be significantly lengthened.
